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FOREWORD 


This  document  Is  a  summary  of  work  performed  over  a  three-year  period 
under  sponsorship  of  the  D.S.  Army  Research  Office.  Dr.  John  Burt  served 
as  technical  monitor.  The  objective  of  the  research  was  to  investigate  the 
role  of  nitrogen  substitution  in  oxide  glasses,  primarily  by  determining 
the  conditions  under  which  oxynitride  glasses  can  be  made  and  by  discov¬ 
ering  the  influence  of  nitrogen  incorporation  on  glass  structure  and  prop¬ 
erties.  The  report  is  organised  as  a  comprehensive  review  of  what  is  cur¬ 
rently  known  about  oxynitride  glasses  and,  as  such,  it  contains  extensive 
descriptions  of  work  done  by  others  integrated  with  the  presentation  of  the 
author's  research. 
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INTRODUCTION 


The  effects  of  nitrogen  additions  on  the  properties  of  oxide  glasses 
have  been  Investigated  sporadically  over  the  years.  Kulfinger  (1)  studied 
the  physical  and  chemical  dissolution  of  N2  and  NHj  in  glass  melts  and 
found  spectroscopic  evidence  that  nitrogen  mas  present  as  nitride  or  **NH 
groups.  The  nitrogen  content  reached  a  maximum  of  about  0.7  wtZ  after  the 
melt  was  bubbled  with  NHg  for  5  h  at  1400°C.  Elmer  and  No rd berg  (2) 

Introduced  3  wtZ  nitrogen  into  a  porous  borosllicate  glass  by  heating  in 
ammonia  at  higher  temperatures.  That  level  of  nitrogen  reduced  the  ten¬ 
dency  of  the  glass  to  devltrlfy  under  electrolysis  and  increased  its 
electrical  resistivity  and  viscosity.  Those  property  changes  were  corre¬ 
lated  with  infrared  spectroscopic  measurements  showing  the  presence  of  -NH 
and  HS-  groups  in  the  glass  structure.  Harding  and  Ryder  (3)  added  SijN^ 
to  an  amber  container-glass  to  determine  the  effect  of  sulfate  concentra¬ 
tion  on  nitrogen  solubility,  but  no  properties  other  than  solubility  were 
reported. 

During  the  past  four  or  five  years,  there  has  been  a  considerable 
Increase  in  research  on  nitrogen-containing  glasses.  The  upsurge  in  I 

Interest  in  these  glasses  was  originally  motivated  by  their  relevance  to  j 

the  processing  of  Si^N^ -baaed  ceramics  (4,  S)  when  it  was  recognised  that  j 

at  least  some  of  the  intergranular  phases  in  the  ceramics  are  amorphous  (  | 

oxynitrides  (6,  7).  The  discovery  that  nitrogen  incorporation  alters  a 
wide  range  of  glass  properties  (8,  9)  shifted  the  focus  of  research  to 
nitrogen-containing  glasses  themselves,  Independent  of  their  role  in 
ceramic  processing. 

Evidence  is  accumulating  that  the  observed  property  alterations  result 
from  the  direct  substitution  of  trlvalent  nitrogen  for  bivalent  oxygen  in 
the  glass  structure.  The  extra  degree  of  linkage  afforded  by  the  nitrogen 
produces  a  tighter,  more  highly  cross-linked  glass  structure.  Thus, 


nitrogen  Incorporation  represents  one  of  the  few  methods  of  achieving 
compositional  substitution  in  the  anion  portion  of  oxide  glass  networks • 

At  this  early  stage  it  is  not  clear  whether  any  nitrogen-containing 
glass  will  find  wide  commercial  use.  However,  several  areas  of  application 
are  suggested  by  results  obtained  so  far,  among  them  refractory  glass- 
ceramics,  leach-resistant  glasses,  hardened  optical  windows,  and  joining 
compositions  for  ceramic-ceramic  seals. 

Oxynitride  Glass  Synthesis 

The  preparation  of  oxynitride  glasses  is  more  complex  than  preparation 
of  conventional  oxide  glasses  for  a  variety  of  reasons.  Prime  among  them 
is  the  need  to  maintain  reducing  conditions  while  melting  and  homogenizing 
so  as  to  enhance  nitride  solubility  and  to  prevent  nitrogen  loss  through 
sample  decomposition.  Typically,  mixtures  of  oxide  and  nitride  powders  are 
melted  under  N2  or  Ar  atmospheres  (9,  10),  although  gel  glasses  have  been 
nitrided  in  ammonia  (11),  and  there  is  one  report  of  oxynitride  glass 
synthesis  in  air  (12).  In  the  case  of  the  air  melt,  reducing  conditions 
were  probably  maintained  locally  by  use  of  a  closed  silica  crucible. 

Direct  reaction  of  N2  or  NH^  with  silicate  melts  (1)  does  not  seem  as 
favorable  a  technique  for  oxynitride  glass  formation  as  melting  of  mixtures 
of  oxide  and  nitride  powders.  In  the  former  case,  the  gases  apparently 
react  with  the  melt  only  very  slowly,  and  the  levels  of  nitrogen  attained 
are  much  lower  than  with  other  methods.  Dancy  and  Janssen  (13)  studied  the 
direct  dissolution  of  Nj  in  synthetic  metallurgical  slags  made  from  mix¬ 
tures  of  CaO,  AI2O3,  and  S102.  Those  melts,  which  were  similar  in  compo¬ 
sition  to  the  oxide  portions  of  some  oxynitride  glasses  (10),  dissolved 
between  0.25  and  2.5  wtZ  N2  at  1550°C  under  1  atm  N2>  Incorporation  of 
gaseous  nitrogen  was  very  slow,  requiring  about  24  h  to  reach  apparent 
equilibrium.  By  contrast,  when  SI3H4  was  added  to  the  melt  along  with  the 
N2,  reaction  was  rapid  and  much  higher  nitrogen  contents  were  found  (~  4 
wtZ).  Contrary  to  the  authors'  claim  that  the  SijM^  promotes  gaseous  H2 
dissolution  by  maintaining  reducing  conditions  in  the  melt  (13),  the  most 
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likely  explanation  for  the  enhanced  nitrogen  content  is  simply  that  the 
S13N4  Itself  dissolved  in  the  melt. 

The  dissolution  kinetics  of  p-Si^N^  in  a  Mg-Si-O-N  liquid  were  inves¬ 
tigated  by  Tsai  and  Raj  (14).  Their  study  is  not  directly  applicable  to 
oxynitride  glass  synthesis  because  the  composition  they  chose  (containing 
38  wtZ  SI3N4)  was  outside  the  glass-forming  region.  Nevertheless,  the 
results  provide  some  insight  into  the  preparation  of  oxynitride  glasses 
using  Si3N4*  In  Tsai  and  Raj's  system,  dissolution  was  driven  by  a 
chemical  reaction  that  produced  a  crystalline  species,  l.e.,  p-Si^N^(c)  + 
SiO^C*)  ♦  S^NgCKc).  The  rate-limiting  step  in  this  process  must  be  the 
slowest  of  three  sequential  steps:  (1)  Interfacial  reaction  at  the  SI3N4- 
llquld  Interface  (dissolution),  (2)  transport  of  silicon  and  nitrogen 
through  the  liquid,  and  (3)  inter  facial  reaction  at  the  S^^O-liquld 
Interface  (precipitation).  Their  analysis,  which  was  based  on  X-ray  dif¬ 
fraction  and  electron  microprobe  experiments  and  morphological  examination 
of  reactants  and  products  using  TEH,  led  Tsai  and  Raj  to  conclude  that  the 
kinetics  were  controlled  by  the  rate  of  dissolution  at  the  Si 3N ^-liquid 
Interface.  If  that  conclusion  is  correct,  the  experimentally  determined 
activation  energy  for  dissolution,  ~  621  kJ  mol-1,  is  the  sum  of  the  heat 
of  solution  of  p-Sl^N^  in  the  liquid  and  the  activation  enthalpy  for  move¬ 
ment  of  atoms  across  the  Interface.  So  large  a  value  for  the  activation 
energy  is  thought  to  result  from  a  large  endothermic  beat  of  solution  of 
Si3N4  in  the  Hg-Si-O-N  liquid  (15). 

It  is  not  clear  how  general  this  result  is.  Oxynitride  glasses  are 
made  by  dissolving  a  variety  of  nitrides,  and  even  when  Si3N4  is  the 
nitrogen  source,  the  amorphous  or  a-forms  are  usually  chosen.  Only  the 
first  two  of  the  three  steps  discussed  above,  the  Sl3N4-liquld  interfacial 
reaction  and  the  transport  of  the  Si  and  N  through  the  liquid,  occur  when 
oxynitride  glasses  are  made.  If  diffusion  rates  for  Si  and  N  do  not  vary 
greatly  with  liquid  composition  and  if  dissolution  is  not  much  affected  by 
the  crystalline  form  of  the  S13N4,  then  the  taitial  inter facial  reaction 
would  be  rate-limiting  in  oxynitride  glass  synthesis  using  Si3N4- 
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Gel  glasses,  which  below  Che  sintering  temperature  are  quite  porous 
and  contain  high  concentrations  of  hydroxyls,  have  been  converted  to 
oxynitride  glasses  by  treatment  with  ammonia  (11).  Nitrogen  concentrations 
have  been  achieved  that  are  almost  as  high  as  those  obtained  by  dissolving 
solid  nitrides  in  silicate  melts.  The  mechanism  of  nitrogen  incorporation 
is  believed  to  be  condensation  reactions  of  hydroxyl  and  alkoxy  groups  with 
ammonia  to  produce  -Si-N^  groups  and  water  (11).  Further  condensation 
between  -S1-NH2  and  OH- Si-  groups  leads  to  nitrogen  that  is  threefold 
coordinated  by  silicon. 

Oxynitride  glass  stability  is  affected  by  both  the  furnar  itaosphere 
and  by  the  composition  of  the  melt.  For  example,  the  JANAF  t.  »s  (16) 
list  the  Gibbs  energies  of  formation  for  the  following  specie'  •«.£  may  be 
present  during  oxynitride  glass  synthesis. 


(1) 

3Si(l)  +  2N2(g) 

S13N4 

AG°(1900  K)  -  -24.289  1 

kcal 

(2) 

Si(l)  +  o2(g) 

Si02(X) 

AG°  (1900  K)  -  -136.321 

kcal 

(3) 

Si(X)  +  l/202(g)  ♦ 

SiO(g) 

AG°  (1900  K)  -  -60.237 

kcal 

The  reactions  can  be  combined  to  yield  the  overall  reaction  (4) 

(4)  Si3N4  +  Si02(l)  +  02(g)  -*•  4SiO(g)  +  2  N2(g), 

AG°  (1900  K)  -  -80.338  kcal 

The  AG?  values  are  given  for  the  typical  processing  temperature  of 
1900  K.  Reaction  (4)  shows  that  decomposition  of  oxynitride  melts  is 
promoted  by  increasing  either  the  SI3N4  or  S102  concentrations  or  the 
oxygen  partial  pressure.  Melting  in  flow  systems  in  which  SiO(g)  is  con¬ 
tinuously  removed  favors  melt  decomposition,  whereas  static  atmospheres 
that  maintain  a  high  P^q  tend  to  increase  melt  stability.  Likewise, 
melting  under  high  nitrogen  overpressure  favors  compositional  stability  in 
the  melt.  Because  of  the  very  large  negative  AG^  values  for  CaO  and 
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A1203,  those  species  will  not  participate  In  any  oxidation-reduction 
reaction,  and  therefore  they  do  not  appear  In  the  equilibrium  expression. 

At  equilibrium  AG°  -  -RT  In  K,  where  the  equilibrium  constant  K  for 
reaction  (4)  Is  given  by 


P4  P2 
S10  N2 

ASi3N4  asio2  po2 


-  ex p(~AG  /RT) 


The  A's  Indicate  activities  and  the  P's  are  partial  pressures  in 
atmospheres. 

To  illustrate  the  effect  of  atmosphere,  consider  a  CaSlAlON  melt  made 
from  50  wtZ  S102,  10  wtZ  A1203,  20  wtZ  CaO,  and  20  wtZ  Si3N4-  Assuming 
that  the  mixture  behaves  ideally,  Ag^  N  -  0.0998  and  Agi(j  -  0.5821. 
Suppose  that  the  oxygen  partial  pressure  in  the  furnace  atmosphere  is  10 
atm  and  the  P^  is  set  at  2  atm  by  an  external  nitrogen  source.  Solving 
the  equilibrium  expression  gives  Pg^Q  *  12.6  atm,  Indicating  that  under  the 
given  conditions  the  melt  will  decompose  by  outgaslng  considerable 
quantities  of  S10.  Because  of  the  very  large  negative  AG°  values  for  CaO 
and  Al203,  those  species  will  not  participate  in  any  oxid&tlun-reduction 
reactions;  therefore,  they  do  not  appear  lu  the  equilibrium  expression. 

As  a  second  example,  consider  the  same  melt  composition,  but  this  time 
assume  that  the  oxygen  partial  pressure  is  10~13  atm  because  of  equilibrium 
between  the  furnace  atmosphere  and  a  hot  graphite  furnace  element,  and  that 
pn2  •  20  atm,  a  value  attainable  in  some  furnaces  used  in  oxynitride  glass 
synthesis.  Solving  the  equilibrium  expression  for  this  example  gives  PSiQ 
-  3.99  x  10-3  atm,  which  is  over  four  orciars  of  magnitude  less  than  in  the 
first  case.  Thus,  through  proper  control  of  the  furnace  atmosphere,  an 
otherwise  unstable  composition  can  be  prepared  as  a  good  oxynitride  glass. 

Chemical  composition  also  strongly  influences  melt  stability.  From 
empirical  studies,  it  is  known  that  some  combinations  of  ingredients  make 
good  oxynitride  glasses,  whereas  other  combinations  are  unsuccessful 
because  they  produce  frothy  melts.  For  example,  A1203,  Mg 0,  or  CaO  in 


combination  with  Si02  and  Si 3N4  can  be  formed  into  homogeneous,  bulk 
glasses  that  contain  only  occasional  bubbles.  However,  if  Ti02  or  P203  is 
added  to  a  melt  containing  S13N4  or  AIN,  an  extreme  frothing  reaction  leads 
to  foamed  or  cellular  structures  in  the  quenched  products.  These 
observations  can  be  rationalized  by  considering  the  following  oxidation 
reactions  for  Si3N4  and  AIN  (16): 

(5)  Si3N4  +  302(g)  ♦  3Si02(i)  +  2N2(g) 

AG°  (1900  K)  -  -384.674  kcal 

This  overall  reaction  results  from  combining  reactions  (1)  and  (2), 
above.  In  a  similar  fashion,  one  obtains  (l) 

(6)  4  AIN  +  302(g)  ♦  2A12°3  +  2N2(g) 

AG°  (1900  K)  -  -203.926  kcal 

for  the  oxidation  of  AIN.  Only  the  AG°  (1900  K)  values  are  quoted  here  for 
purposes  of  illustration.  Gibbs  energies  at  other  temperatures  can  be 
obtained  from  tabulated  data  (16). 

If  reactions  (S)  and  (6)  are  normalized  so  that  the  stoichiometry  is 
expressed  in  terms  of  one  mole  of  oxygen  gas,  their  standard  Gibbs  energies 
can  be  plotted  as  functions  of  temperature  on  an  Riling ham  diagram  (17),  as 
illustrated  in  Figure  1.  The  oxidation  or  reduction  tendencies  of 
reactions  can  be  determined  by  the  relative  positions  of  their  AG° 
values  in  Figure  1.  For  example,  Ng  is  oxidized  by  A1203,  but  not  by 
CaO.  This  can  be  seen  by  comparing  the  reactions  at  a  given  temperature, 
for  example  1473  K. 

(7)  2Mg  +  02  ♦ 

(8)  2/3Al203  ♦ 
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2Mg0  AG°  (1473  K)  ~  -209  kcal 

4/3A1  +  02  -AGj  (1473  K)  ~  +  192  kcal 


Sunning,  2/3Al2<>3  +  2Hg  *  2MgO  +  4/3A1;  AG°  ~  -17  kcal.  The 
negative  AG°  Indicates  that  the  overall  reaction  is  favorable  as  written. 

A  similar  calculation  for  Mg  +  CaO  MgO  +  Ca  gives  a  positive 
AG°,  indicating  an  unfavorable  reaction  as  written. 

The  positions  of  the  A G°  versus  T  lines  for  oxidation  reactions  (5) 
and  (6)  allow  one  to  predict  the  stabilities  of  melts  aade  froa  SijH^  or 
AIN  and  various  oxides.  At  a  given  teaperature,  any  oxide  whose  AG^  lies 
above  that  for  reaction  (5)  (i.e.,  any  reaction  with  a  less  negative  AG°) 
will  oxidize  while  at  the  saae  time  being  reduced  by  the  Any 

oxide  whose  AG?  lies  below  that  for  reaction  (5)  (i.e.,  more  negative 
AG°)  at  a  given  teaperature  will  be  stable  in  contact  with  SI3N4. 

Thus,  AI2O3,  Li20,  CaO,  and  MgO  will  be  favorable  components  for 
oxynitride  glass  synthesis  according  to  this  oxidation-reduction  criterion 
(as  has  indeed  been  found  experimentally) .  However,  Fe2C>3,  Ti02*  P2°5>  and 
MnO  are  predicted  to  oxidize  SI3N4  in  a  aelt,  leading  to  frothing  or 
bloating  as  N2  is  evolved.  As  already  aentloned,  such  frothing  has  been 
observed  experimentally  in  the  case  of  Ti02  and  P205  additions  to  aelts 
containing  SI3N4  (18).  A  slallar  analysis  can  be  aade  for  other  nitrogen 
sources  such  as  AIN,  Ca3N2,  and  LI3N. 

The  suitability  of  various  crucible  aaterials  for  oxynitride  glass 
preparation  can  be  explained,  in  part,  by  these  saae  theraodynaalc  argu¬ 
ments.  In  general,  aetal  oxides  will  be  reduced  by  the  aelt  if  their 
AG°  values  are  less  negative  than  those  of  the  oxynitride  glass  ingre¬ 
dients.  Thus ,  the  metals  froa  which  those  oxides  are  formed  are  potential 
crucible  aaterials,  provided  their  aeltlng  points  are  greater  than  the 
glass  processing  teaperature  (about  1650 *C  for  aany  compositions),  and 
provided  the  aetal  will  not  react  with  the  aelt  to  fora  stable  compounds. 
This  analysis  predicts,  for  exaaple,  that  Mo,  W,  and  Nb  would  be  suitable 
crucible  aaterials,  whereas  Ta  and  Zr  would  be  oxidised  by  typical  aelts. 
Molybdentai  crucibles,  in  fact,  have  been  used  extensively  in  oxynitride 
glass  preparation,  and  Halted  tests  on  W  and  Nb  indicate  they  also  would 
serve  (18).  Tantalua,  on  the  other  hand,  appears  to  be  oxidised  by  oxyni¬ 
tride  aelta  (18).  All  these  results  are  as  expected,  based  on  the 
theraodynaalc  calculations  of  oxidation-reduction  behavior. 
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Boron  nitride  Is  another  crucible  material  that  has  been  used  for 
oxynitride  glass  synthesis.  The  AG°  calculated  from  published  data  (16) 
for  the  reaction 

(9)  4/3BN  +  02  2/3B203  +  2/3N2 

is  AG?  (1900  K)  »  -104.60  kcal,  where  the  value  at  1900  K  has  been  chosen 
to  allow  comparison  with  the  examples  given  in  reactions  (1)  through  (6). 

In  the  temperature  range  of  interest,  SijN^,  AIN,  and  most  oxides  that  have 
been  used  successfully  in  oxynitride  synthesis  have  AG°  values  more 
negative  than  that  for  reaction  (9),  which  explains  why,  in  neutral  or 
reducing  atmospheres,  BN  can  be  used  as  a  container  for  oxynitride  melts. 
Note  that  some  grades  of  hot-pressed  BN  contain  a  few  percent  free  B2O3  or 
calcium  borate  that  can  dissolve  into  the  melt  during  heating.  Whether 
this  is  a  problem,  of  course,  depends  on  the  glass  composition  and  its 
intended  use. 

Other  candidate  crucible  materials  are  suggested  by  the  data  in  Figure 
1.  For  example,  graphite  appears  suitable  for  melts  containing  S102  at 
temperatures  below  1550 *C,  but  above  1550 *C  the  reaction  Si02  +  2C  ♦  Si  + 
2C0(g)  is  favorable.  Wuslrika  and  Chyung  (19)  reported  using  graphite 
crucibles  at  temperatures  as  high  as  1800 aC.  However,  tests  in  our 
laboratory  showed  that  graphite  reacts  strongly  at  1600*C  with  oxynitride 
melts  (10).  The  origin  of  the  discrepancy  is  not  known. 

Compositional  Systems 

A  wide  variety  of  oxynitride  compositions  have  been  made  by  the 
technique  of  reacting  a  solid  nitride  with  a  silicate-based  melt.  Some  of 
those  that  have  been  reported  are  listed  below. 


Ca-si-0-N 

La-Si-O-N 

Mg-Si-0-N 

Si-Al-O-N 

Ma-Ba-Al-P-0-H 


Ca-Si-Al-O-N 

La-Si-Al-O-N 

Mg-Si-Al-O-N 

Li-Si-Al-0-N 

Y-Si-Al-0-N 


la-Ca-Si-O-N 

Na-B-Si-0-H 

Ca-B-Si-Al-O-N 

Sc-Si-Al-0-N 
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All  but  one  of  these  systems  have  Si,  0,  and  N  in  common,  and  about  half 
also  contain  Al.  The  occurrence  of  Si,  0,  and  N  in  those  glasses  is  a 
reflection  of  the  structural  siailarlty  of  SIO2  and  on  a  local  atonic 

scale.  In  both  compounds ,  the  local  atonic  arrangenent  consists  of  four 
anions  tetrahedrally  coordinated  around  each  Si  aton.  The  aain  difference 
is  in  the  coordination  of  the  anions:  in  Si(>2>  the  oxygens  are  each  linked 
to  two  silicons,  whereas  in  SijN^,  the  nitrogens  are  each  bonded  to  three 
silicons.  Figure  2  illustrates  this  point  by  neans  of  a  schenatic 
representation  of  the  crystal  structure  of  (3-Si.jH^,  in  which  the  full 
circles  represent  silicon  and  the  open  circles  represent  nitrogen. 

The  siaplest  oxynitride  glass  would  be  a  Si-O-N  composition  that  wight 
be  wade  by  reacting  a  mixture  of  SIO2  and  $131(4.  Direct  melting  of  the 
compounds  is  difficult  because,  temperatures  greater  than  1800*C  are 
necessary  for  S102  to  be  fluid  enough  for  Si^N^  dissolution  and  for  the 
reaction  to  be  practicable.  Above  1800 *C  the  decomposition  pressure  of 
SI3N4  is  very  high  and  the  melt  is  unstable.  Under  reducing  conditions  at 
those  temperatures,  Si02  decomposes  to  give  810(g)  and  02,  further  desta¬ 
bilising  the  melt.  For  example,  a  mixture  of  SI3N4  and  Si02  powders  heated 
between  18S0*and  1900*C  in  an  open  Mo  crucible  under  a  2-atm  static  N2 
atmosphere  gives  an  inhomogeneoua ,  frothy,  cellular  mass  on  quenching 
(18).  A  similar  result  was  reported  by  Wuslrika  and  Chyung  (19).  Decom¬ 
position  can  be  suppressed  by  using  high  overpressures  of  nitrogen  if 
810(g)  loss  also  is  prevented. 

Alternatively,  it  is  conceivable  that  a  sol-gel  method  might  be 
devised  to  prepare  a  Si-O-H  glass  that  would  permit  deasificatlon  at 
temperatures  lower  than  required  for  direct  melting,  however,  no  such 
glass  has  been  reported  to  date. 

The  oxynltridw  glasses  that  are  next  siaplest  from  a  compositional 
standpoint  contain  81,  0,  H,  and  one  other  cation.  Example s  are  S1-A1-0-N 
(19,21),  Ca-Si-0-8  (10),  Mg-Si-O-R,  (10,22)  and  La-Si-O-H  (23).  They  all 
have  been  made  successfully  by  reacting  tba  relevant  metal  oxide  with  S102 
and  8I3R4  or  AIR.  One  function  served  by  tbs  metal  oxide  in  these  systems 
is  to  react  with  S102  to  fora  a  eutectic  liquid  in  which  the  nitride  can 
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dissolve  without  decomposing.  The  nitride,  in  turn,  seems  to  promote  glss 
formation.  For  example,  quenching  of  Ca0-S102  or  M80_Si02  welts  at  rates 
common  in  ordinary  glass  preparation  gives  a  crystalline  product.  Disso¬ 
lution  of  10  to  20  wtX  SI3H4  in  either  melt,  followed  by  the  same  quench, 
produces  stable  oxynitride  glasses  that  contain  up  to  7  atZ  nitrogen  (10). 
This  is  direct  evidence  for  the  stabilization  of  glass  network  structures 
by  silicon  nitride.  The  Ca-Si-O-N  and  Mg-Si-O-N  glasses  are  milky  because 
of  phase  separation  on  a  fairly  coarse  scale.  Their  microstructural 
features  are  discussed  in  a  later  section. 

The  La-Si-0 -N  glasses  were  made  using  a  30- atm  overpressure  of  N£  to 
suppress  melt  decomposition  while  heating  at  1700*C  (23).  A  nitrogen 
content  of  18.2  atZ  was  reported  for  one  La-Si-O-H  glass  (23),  a  value  more 
than  double  that  attained  for  oxynitride  glasses  prepared  without  high 
nitrogen  overpressures. 

Small  batches  of  Si-Al-O-N  have  been  found  to  froth  extensively  when 
melted  in  open  crucibles  under  one  or  two  atm  M2  (10)*  Figure  3  shows  the 
compositions  attempted,  superimposed  on  the  behavior  diagram  of  Malk  et  al. 
(20).  All  the  numbered  compositions  in  the  figure  were  liquid  at  1650'C, 
and  the  frothing  did  not  seem  to  vary  with  composition.  Some  of  the  same 
compositions  have  been  reported  to  give  good  dense  glasses  when  confined  by 
a  hot-press  die  during  melting  (4).  Wusirlka  and  Chyung  (19)  prepared 
300  g  specimens  of  Si-Al-O-N  glass  without  evidence  of  excessive  decompo¬ 
sition  by  melting  and  casting  into  graphite  molds  under  N2.  In  particular, 
they  list  a  glass  similar  to  composition  9  in  Figure  3  .  The  greater 
stability  of  larger  melt  volumes  can  be  understood  if  decomposition  and 
frothing  occur  primarily  at  the  free  surface  of  the  melt.  As  the  mass  of 
the  glass  batch  increases,  the  ratio  of  the  surface  area  to  the  volume  of 
the  melt  decreases,  so  the  decomposition  per  unit  mass  of  the  melt  is 
proportionally  less  with  larger  batches.  The  importance  of  minimizing  the 
free  surface  of  oxynitride  melts  is  shown  by  the  observation  that  the 
concentration  of  bubbles  in  a  Hg-Si-Al-O-M  glass  was  greater  when  it  was 
made  in  a  wide,  shallow  crucible  than  when  it  was  prepared  In  a  narrow, 
deep  container  (18). 
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FIGURE  3  OXYNITRIDE  GLASS  COMPOSITIONAL  STUDIES  IN  Si-AI-O-N  SYSTEM  SUPERIMPOSED 
ON  BEHAVIOR  DIAGRAM  OF  NAIK  at  al.  (Refarenct  20) 
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Inc 1 union  of  AI2O3  in  oxynitride  compositions  seems  particularly  to 
favor  glass  formation.  In  almost  all  cases,  the  effect  of  adding  AI2O3  to 
a  M-Si-O-N  melt  (where  M  indicates  a  cation  other  than  A1  or  Si)  is  to 
Increase  the  nitride  solubility  and  to  widen  the  glass-forming  region.  The 
chemical  and  structural  compatibility  of  AI2O3  and  SI3N4  is  also 
demonstrated  by  the  easy  substitution  of  Al^+  and  0^~  in  the  silicon 
nitride  structure  to  form  p'-SiAlOH,  Sig^Al^O^Ng^,  where  0  <  x  <  4.2 
(24).  Part  of  the  explanation  for  the  favorable  effect  of  AI2O3  on 
oxynitride  glass  formation  may  be  the  similar  sizes  of  the  SiN^  and  AlO^ 
tetrahedra,  which  must  allow  them  to  substitute  easily  for  each  other. 

[The  Si-H  bond  distance  and  the  tetrahedral  Al-0  bond  distance  are  each 
1.75  A  (21)).  As  already  mentioned,  the  aluminum-free  Car  and  Mg-oxyni- 
trlde  glasses  are  phase  separated;  addition  of  a  few  wtZ  AI2O3  suppresses 
the  phase-separation  and  gives  clear  glasses. 

Figures  4  and  5  show  the  Mg-Si-Al-O-N  and  Ga-Si-Al-O-fi  glass-forming 
regions  superimposed  on  their  respective  oxide  ternary  phase  diagrams.  The 
amount  of  SI.3N4  that  will  dissolve  in  a  given  MgO-AljOj-SiC^  or  CaO-A^C^- 
3102  composition  to  produce  the  Illustrated  glass-forming  regions  is  about 
10  to  15  wtZ.  However,  much  higher  SI3N4  solubilities  (up  to  30  wtZ)  are 
observed  for  compositions  in  the  lov-S102  portions  of  the  phase  diagrams. 
Figures  4  and; 5  show  that  the  glass- forming  regions  roughly  correspond  to 
the  region  of  the  given  oxide  ternary  that  is  liquid  at  1600*C  and  below. 
That  correspondence  is  a  fairly  general  result;  i.e.,  oxynitride  glasses 
form  in  many  silicate  systems  th»t  are  liquid  below  about  1600 *C  and  in 
which  SI3H4  (or  some  other  nitride)  dissolves  without  significant 
decomposition.  In  the  I0W-SIO2  portions  of  Figures  4  and  5,  the  glass- 
forming  regions  extend  into  compositions  thst  would  not  be  liquid  below 
1800*  or  1850 *C  if  no  81384  were  present.  Thi»  is  because,  in  thoee  low- 
8102  regions,  SI3H4  substitutes  for  SiOg  to  maintain  approximate 
equivalence  in  the  liquldus  temperature. 

Two  affects  are  found  for  compositions  outside  the  boundaries  of  the 
glass-forming  regions.  In  the  direction  of  decreasing  SIO2  content,  avenr* 
tuelly  a  point  is  reached  at  which  crystallisation  occurs,  even  for  large 
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FIGURE  4  GLASS-FORMING  REGION  IN  THE  Mg-Si-AI-O-N  SYSTEM  (Reference  10) 
All  compositions  contain  10  wt%  Si3N4. 
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FIGURE  S  GLASS-FORMING  REGION  IN  THE  Ca-Si-AI-O-N  SYSTEM 
All  composition*  contain  10  wt%  Si3N4. 


SI.3N4  additions.  Frothing  and  aelt  instability,  however,  are  observed  in 
compositions  in  which  the  Si(>2  +  8131(4  content  is  high.  The  filled  circles 
in  Figure  4  which  Indicate  frothing,  are  for  specimens  that  contained  10 
wtZ  SI3N4.  For  8131(4  concentrations  greater  than  20  wtZ,  frothing  is 
observed  further  into  the  center  of  the  glass- forming  region  delineated  in 
the  diagram. 

Fairly  extensive  compositional  studies  also  have  been  done  on  the 
Y-Si-Al-O-N  system  (9,25).  Compared  with  Ca-Si-Al-O-N  and  Mg-Si-Al-O-N 
glasses,  those  containing  yttrium  soften  at  higher  temperatures,  the  glass¬ 
forming  region  is  less  extensive,  and  not  as  much  nitrogen  can  be 
Incorporated  [up  to  7  atZ  N  (8-10)].  Those  differences  probably  occur 
because  the  Y2O3-AI2O3-SIO2  system  is  more  refractory  than  either  MgO- 
A^t^-SK^  or  Ca0-Al203-S102,  and  thus  the  compositional  region  liquid 
below  1650°C  is  less  extensive.  Figures  6  and  7  are  two  representations  of 
the  glass-forming  region  in  Y-Si-Al-O-N.  Figure  6  contains  actual 
compositions  as  reported  in  reference  9.  Figure  7  portrays  the  glass 
forming  region  in  a  different  compositional  space,  which  relates  the  Y-Si- 
Al-O-N  glasses  of  Figure  6  to  other  compositions  that  have  been  studied.  A 
number  of  properties  measurements  have  been  made  on  the  Y-Si-Al-O-N 
glasses;  they  are  discussed  in  a  later  section. 

Other  M-Si-Al-O-N  glasses  that  have  been  made  are  La-Si-Al-O-N  (10), 
Li-S i-Al-O-M  (10),  Ba-Si-Al-O-H  (10),  and  Sc-Si-Al-O-N  (18).  None  of  them 
has  been  investigated  as  thoroughly  as  have  the  Y-,  1%-,  and  Ca-Sl-Al-O-N 
glasses.  The  La-  and  Sc-Si-Al-0-N  glasses  resemble  those  made  with 
yttrium,  and  because  they  are  all  are  fairly  refractory,  it  is  somewhat 
difficult  to  make  them  with  nitrogen  contents  greater  than  about  7  atZ 
using  only  moderate  furnace  overpressures.  The  Li-Si-Al-0-N  glasses,  on 
the  other  hand,  more  nearly  resemble  those  made  from  Ca  and  Mg. 

Preparation  of  oxynitride  glasses  containing  sodium  and  boron,  either 
singly  or  in  combination,  presents  some  common  problems.  The  Gibbs  ener¬ 
gies  of  formation  of  NS20  and  B2O3  are  considerably  less  negative  than 
the  AG^  for  the  oxidation  of  [Eqn  (5)  and  Figure  1}.  Thus  on  ther¬ 

modynamic  grounds,  we  would  expect  SI3N4  in  the  aelt  to  be  oxidised  to 
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FIGURE  6  GLASS-FORMING  REGION  IN  THE  Y-Si-AI-O-N  SYSTEM  (Reference  9) 


18 


Si02,  and  Che  Na20  and  &2^3  t0  their  respective  elements.  We  should 
observe  Na  loss  from  the  melt  because  of  its  high  vapor  pressure  (1  atm  at 
about  890 *C)  and  possibly  loss  of  SiO(g)  if  the  Sl^N^  is  only  incompletely 
oxidized.  Jankowski  and  Risbud  (22)  observed  severe  outgaslng  when  B2O3, 
Si02,  and  Si^N^  were  heated  directly  in  a  graphite  crucible  under  N2. 
Decomposition  was  less  severe  when  they  presynthesized  a  sodium  borosili- 
cate  glass  in  air,  ground  it  to  a  powder,  and  then  heated  a  mixture  of  the 
glass  and  Si^N^  in  a  Ho  crucible.  However,  vigorous  bubbling  occurred 
during  melting,  and  analysis  showed  that  the  resulting  glass  contained  less 
nitrogen,  sodium,  and  boron  than  the  starting  mixture. 

Frlschat  and  Schrlmpf  (26)  developed  a  three-step  melting  procedure 
for  preparing  Na-Ca-Si-O-N  glasses  that  compensated  for  alkali  loss  during 
heating.  They  first  made  a  ^O-CaO-SiC^  glass  and  then  melted  a  mixture 
of  that  glass  powder  and  SijN^  under  Ar.  The  melt  was  quenched,  chemically 
analyzed,  and  then  the  composition  was  adjusted  for  alkali  loss  by  adding 
the  necessary  Ingredients.  The  mixture  was  remelted  at  1150 "C  under  vacuum 
to  remove  bubbles.  The  relatively  low  temperature  of  the  last  melting  was 
probably  responsible  for  the  greater  level  of  alkali  retention.  No  mention 
is  made  in  the  paper  (26)  of  nitrogen  loss  as  a  result  of  either  of  the 
last  two  meltings,  but  nitrogen  contents  as  great  as  6  atZ  are  reported. 

The  Ns-Ba-Al-P-O-N  glass  prepared  by  Wilder  (27)  deserves  special 
mention.  As  far  as  the  writer  is  aware,  it  is  the  only  oxynitride  glass 
made  to  date  that  does  not  contain  any  silicon.  As  discussed  previously, 
because  of  structural  similarities  between  SIO2  and  Si^N^,  there  is  easy 
substitution  of  nitrogen  for  oxygen  in  silicates,  and  it  appears  likely 
that  in  those  materials  nitrogen  enters  the  glass  network.  Phosphorus 
pentoxlde- based  glasses  have  as  their  fundamental  structural  unit  a  PO^ 
tetrahedron  in  which  one  of  the  phosphorus-oxygen  links  is  a  double  bond 
(28).  The  question,  then,  is  how  nitrogen  might  substitute  into  such  a 
structure . 

A  little  investigation  reveals  that  there  is  a  large  and  rich  chem¬ 
istry  of  compounds  that  contain  P-N  and  P*N  bonds  in  which  the  phosphorus- 
nitrogen  double  bond  length  is  about  1.55  to  1.61  A,  and  the  single  bond 
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length  is  1.75  to  1.80  A  (29).  In  compounds  such  as  the  polyphosphazenes  a 
single  phosphorus  can  be  linked  to  both  nitrogen  and  oxygen,  so  there  might 
be  a  structural  analogy  between  Si(0,N)^  and  P(0,N)^  units.  However,  the 
analogy  is  Imprecise  because  the  anions  are  not  tetrahedrally  coordinated 
to  phosphorus  in  the  polyphosphazenes.  Furthermore,  those  compounds  decom¬ 
pose  at  temperatures  below  1000°C.  A  more  likely  explanation  for  the 
stability  of  the  phosphorus  oxynitride  glass  (27)  is  that  it  contains 
aluminum.  Aluminum  phosphate  (0-berlinite)  is  lsostructural  with  silica 
and  contains  alternately  linked  AlO^  and  PO^  tetrahedra  in  which  all 
corners  are  shared  (30).  The  existence  of  a  large  number  of  Si-Al-O-N 
compounds  based  on  the  AIN  Wurtzlte  structure  (4)  in  which  oxygen  and 
nitrogen  are  tetrahedrally  coordinated  to  aluminum  suggests  that,  in  the 
Na-Ba-Al-P-O-N  glass,  nitrogen  is  bonded  to  aluminum  rather  than  to 
phosphorus  to  give  a  connected  assembly  of  A1(0,N)^  and  PO^  tetrahedra. 

Chyung  and  Wuslrlka  (12,19)  reported  over  forty  different  oxynitride 
glass  compositions  based  on  M-Si-Al-O-N  in  which  the  M-component  varied 
from  one  to  three  different  cations.  Most  also  were  made  using  AIF3  as  a 
fining  agent.  The  only  exceptional  difference  between  their  glasses  and 
the  simpler  materials  already  discussed  was  that  some  of  Chyung  and 
Wuslrlka's  (12,19)  melts  were  done  in  air  in  closed  silica  crucibles. 

Oxynitride  Class  Properties 

The  first  extensive  studies  (8-10)  of  oxynitride  glass  properties 
revealed  that  very  significant  changes  are  produced  by  nitrogen  incorpor¬ 
ation.  Since  then,  investigations  have  been  extended  to  other  systems, 
giving  results  that  essentially  confirm  the  original  observations . 

Specifically,  addition  of  nitrogen  to  fora  oxynitride  glasses  has  been 
found  to  increase  the  glass  transition  temperature  (Tg),  the  hardness,  and 
the  fracture  toughness  in  amounts  proportional  to  the  nitrogen  concen¬ 
tration.  The  thermal  expansion  coefficient  (a)  exhibits  a  decrease  with 
increasing  nitrogen  content,  although  the  effect  is  not  as  great  in  all 
compositions  that  have  been  examined.  Figure  8  (8)  shows  that  the 
microhardness  of  a  group  of  T-Sl-Al-O-N-  glasses  increases  by  about  30X  as 
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Knoop  Hardness  Number  (100-g  load) 


FIGURE  8  VARIATION  IN  HARDNESS  OF  Y-Si-AI-O-N  GLASSES 
WITH  NITROGEN  CONTENT  (Reference  8) 
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the  nitrogen  content  increesee  fro*  0  to  4.4  wt%.  Figure  9  (9)  illustrates 
the  variation  in  expansion  coefficient,  Tg,  aicrohardness,  and  fracture 
toughness  with  nitrogen  content  for  a  similar  group  of  Y-Si-Al-O-N  glasses 
whose  specific  coapositions  are  given  in  Table  1.  The  scatter  in  some  of 
the  data  of  Figure  9  has  been  attributed  to  a  second-order  effect  resulting 
fro*  differences  in  7,  Si,  and  A1  contents  in  samples  with  similar  nitrogen 
concentrations . 


Table  1 

COMPOSITIONS  OF  Y-Si-Al-O-N  GLASSES 
(Sample  Numbers  Correspond  to  those  given  in  Figure  6)  (9) 


Sample 

Number 

Y 

Glass 

Si 

Composition  (atZ)* 

Al  0 

N 

6 

10.3 

17.6 

11.7 

54.0 

6.5 

7 

6.4 

19.0 

9.9 

57.6 

7.0 

8 

5.6 

20.3 

8.1 

60.3 

5.7 

9 

9.8 

19.9 

5.4 

60.4 

4.5 

10 

8.9 

20.9 

2.8 

65.8 

1.6 

11 

16.6 

15.0 

3.2 

63.6 

1.5 

12 

12.7 

18.6 

6.7 

57.6 

4.4 

13 

15.2 

14.3 

7.9 

57.6 

5.1 

14 

9.6 

18.8 

7.5 

57.8 

6.3 

15 

16.6 

15,0 

3.2 

65.1 

0 

*As  analysed  (Reference  9). 


Messier  (25)  prepared  Y-Si-Al-O-N  glasses  with  high  nitrogen  con¬ 
tents.  Microhardness  measurements  gave  results  similar  to  those  of 
Shilllto  et  al.  (8)  and  Loehaan  (9).  The  elastic  modulus ,  measured  by  an 
ultrasonic  technique,  showed  a  trend  toward  Increasing  modulus  with  higher 
nitrogen  contents.  Those  data  are  summarized  in  Table  2. 
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FIGURE  9 


SA-8116-7 

VARIATION  IN  PHYSICAL  PROPERTIES  OF  Y-Si-AI-O-N 
GLASSES  WITH  NITROGEN  CONTENT  (Reference  9) 


Table  2 


MECHANICAL  PROPERTIES  OF  Y-Si-Al-O-N  GLASSES  (25) 


Specimen 

A1 

Composition  (a/o) 
Si  Y  0 

* 

N 

Density 

(g/cm3) 

Micro hardness 
(Knoop,  100  g) 

Elastic 

Modulus 

(GPa) 

Poissons 

Ratio 

a 

6.3 

18.7 

12.5  56.2 

6.3 

3.82 

919  ±  66 

141 

0.288 

b 

13.3 

13.3 

13.3  46.7 

13.3 

3.94 

1058  ±  56 

157 

0.315 

h 

10.0 

15.0 

15.0  45.0 

15.0 

4.00 

1058  i  48 

186 

0.291 

*As  batched. 


Figures  10  and  11  (26)  show  that  the  properties  variations  In  oxyni¬ 
tride  glasses  are  not  confined  to  a  single  compositional  system.  The 
expansion  coefficient  and  Tg  exhibit  the  same  trends  in  Na-Ca-Si-O-N 
glasses  as  they  do  in  the  yttrluo-based  materials.  The  only  obvious,  and 
not  surprising,  difference  is  that  the  Tg  values  are  lower  and  the  expan- 
!  sion  coefficients  are  higher  in  glasses  made  from  Na-Ca-Si-O-N  than  they 

are  in  the  more  refractory  Y-Si-Al-O-N  glasses. 

One  method  of  assessing  the  effects  of  nitrogen  additions  more 
directly  is  to  compare  the  properties  of  pairs  of  glass  compositions  that 
'  are  nearly  the  same  except  for  the  nitrogen  content.  Table  3  gives  the 

results  for  two  Y-Si-Al-O-N  glasses.  Table  4  is  another  comparison  of 
properties  for  a  more  extensive  series  of  glass  compositions  in  the  Mg-Si- 
Al-O-N  system.  The  data  in  both  Tables  3  and  4  are  consistent  with  the 
|  results  of  Figures  8  through  11;  i.e.,  the  addition  of  nitrogen  to  oxide 

glasses  promotes  an  Increase  in  T|g,  density,  and  microhardness  and  causes 
a  decrease  in  the  thermal  expansion  coefficient.  The  only  exception  is 
that  for  the  NGM  30/30-0  pair,  the  oxynitride  has  a  lower  density  than  the 
oxide  glass.  That  reversal  in  the  trend  to  Increased  density  with 
nitrogen  addition  is  explained  by  the  observation  that  the  oxide  glass, 

NGM  30-0,  was  partly  crystalline,  which  Increased  its  density  relative  to 

the  glass.  . 

i 

*  i 
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(A) 


N2  CONTENT  (MOLE  %) 

SA-B116-6 


FIGURE  10  VARIATION  IN  THERMAL  EXPANSION  COEFFICIENT 
WITH  NITROGEN  CONTENT  OF  Na-Ca-Si-O-N  GLASS 
(Refaranca  26) 
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FIGURE  11  VARIATION  IN  GLASS  TRANSITION  TEMPERATURE 
WITH  NITROGEN  CONTENT  OF  Na-Ca-Si-O-N  GLASS 
(Rafertnct  26) 


Table  3 


COMPARISON  OF  Y-Si-Al-O-N  PROPERTIES  WITH  AND  WITHOUT  NITROGEN  (9) 


Expansion 

Compositions 

Tg(°C) 

Coefficient  (#C_1) 

Density  (g/caJ) 

11 

900 

68  x  10-7 

3.92 

15 

830 

75  x  10"7 

3.83 

*See  Table  2  for  eleaental  composition. 

COMPARISON 

OF  Mg-Si- 

-Al-O-N 

Table  4 

PROPERTIES  WITH  AND  WITHOUT  NITROGEN  (10) 

Sample 

Number 

Composition  (wtX)* 

MgO  S102  A1203  Si3N4 

Density 
(g/ca *) 

Tg(°C) 

Vlcker's 

Hardness 

(kg/m2) 

NGM26 

14 

56 

20 

10 

2.593 

865 

686 

NGM26-0 

16 

62 

22 

0 

2.389 

691 

621 

NGM27 

23 

47 

20 

10 

2.700 

839 

703 

NGM27-0 

26 

52 

22 

0 

2.621 

785 

676 

NGM28 

18 

56 

16 

10 

2.533 

864 

773 

NGM28-0 

21 

62 

17 

0 

2.509 

805 

604 

NGM30 

20 

42 

28 

10 

2.657 

845 

731 

NGM30-0 

22 

47 

31 

0 

2.665 

781 

641 

* Before  melting. 


There  la  evidence  Chat  nitrogen  Increases  the  cheaical  durability  of 
oxynitride  glasses.  Three  speciaens  of  Y-Si-Al-O-N  glass  were  continu¬ 
ously  exposed  to  95*C  distilled  water  for  350  h  In  a  Soxhlet  apparatus. 

The  saaple  weight  losses  after  that  tlae  were  0.111Z  (Sample  7,  Table  1), 
0.016Z  (Saaple  11),  and  0.011Z  (Saaple  (9).  These  values  coapare  with  a 
weight  loss  of  0.04  wtZ  found  for  fused  silica  under  coaparable  conditions 
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(31).  The  relatively  high  weight  lose  for  Sample  7  was  attributed  to 
Increased  solubility  resulting  from  partial  crystallinity. 

The  Na-Ba-Al-P-O-N  glass  prepared  by  Wilder  (27)  exhibited  a  greater 
than  two  order  of  aagnltude  Increase  In  leach  resistance  compared  with 
similar  compositions  without  the  AIN.  Weight  loss  In  20aC  deionized  water 
was  reduced  from  6.0  x  10~®  g/cm^  sec  to  8.3  x  10~^  g/cm^  sec  when 
the  Na-Ba-P-0  glass  was  prepared  with  at  least  1.5  wtZ  AIN.  By  contrast, 
addition  of  5  wtZ  AI2O3  was  required  to  reduce  the  dissolution  rate  of  the 
Na-Ba-P-0  parent  glass  into  the  saae  10-1®  g/ca^  sec  range  (32). 

The  18  atZ  La-Si-O-N  glass  prepared  under  high  N2  pressure  (23)  was 
reported  to  have  been  highly  resistant  to  attack,  by  alkali  solutions  when 
soaked  for  18  hours  at  95 *C. 

There  have  been  several  investigations  of  the  electrical  properties 
of  oxynitride  glasses.  Elmer  and  Nordberg  (2)  reported  an  increase  In 
resistivity  by  about  a  factor  of  40  at  350°C  in  a  glass  to  which  3  wtZ 
nitrogen  had  been  added.  The  specimen  was  prepared  by  heating  a  98Z  S102, 
2Z  B2O3,  porous  glass  in  ammonia  before  It  was  consolidated  into  a  dense 
glass.  The  authors  hypothesized  Chat  nitrldlng  Increases  the  resistivity 
because  nitrogen  ties  up  part  of  the  sodium  Ions  present  as  an  Impurity 
and  thereby  lowers  the  effective  charge  carrier  concentration.  No  direct 
evidence  for  such  Na+  immobilization  was  presented,  however. 

Leedecke  and  Loehman  (33)  studied  the  electrical  behavior  of  some  of 
the  same  Y-S1-A1-0-N  glasses  listed  In  Zable  1.  table  5  presents  the 
parameters  that  ware  calculated  from  their  data. 

It  can  be  seen  that  all  the  glasses  exhibited  high  resistivities. 

They  are,  in  fact,  one  to  three  orders  of  magnitude  greater  than  the 
highest  resistivity  glasses  measured  by  Elmer  and  Nordberg  (2),  probably 
because  of  the  lower  alkali  content  of  the  Y-S1-A1-0-N  glasses.  By 
contrast  with  Elmer  and  Nordberg' s  results  (2),  tbs  specimens  listed  In 
Table  5  showed  an  Increase  In  conductivity  on  nitrldlng  (compare  Samples 
SC-il  and  SG-11/0).  The  other  electrical  behavior  of  the  Y-Si-Al-O-N 
glasses  was  complex,  and  there  was  no  apparent  dependence  on  the  nitrogen 
contents  of  the  various  specimens. 
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Table  5 


ELECTRICAL  PROPERTIES  OF  Y-Si-Al-O-N  GLASSES 

DC  Properties 

Activation  Energy 

at 

Preexponent,  a 

Conductivity  at. 

Sample 

T  >  450®C  (x  1019 

J1 

(Q  •  cm)  1  ° 

500 °C  (Q  •  cm)”1 

SG-11 

2.80 

1.53  x  10* 

5.94  x  10“}i 

SG-11/0 

3.32 

2.74  x  102 

8.73  x  10"*2 

SGI  2 

2.95 

5.81  x  101 

5.85  x  10-U 

SG-13 

2.48 

2.12  x  10? 

1.66  x  10“10 

SG-14 

3.11 

1.45  x  102 

3.26  x  10_u 

AC  Properties 


Activation  Energy  at 

Dielectric 

Constant  at  10  KHz 

Sample 

T  <  450 °C  (x  1019  J) 

20  *C 

365*C 

SG-11 

12 

12 

SG-11/0 

0.99 

11 

12 

SG-12 

1.01 

10 

11 

SG-13 

0.93 

13 

13 

SG-14 

1.02 

10 

10 

Thorp  and  Kenmuir  (34)  investigated  the  electrical  properties  of 
three  specimens  of  Ca-Al-Si-0  glasses  containing  0,  4.9,  and  5.8  atZ  N  and 
two  specimens  of  Mg-Al-Si-0  glass  containing  0  and  7.6  atZ  N.  They  found 
an  increase  in  the  conductivity  and  the  dielectric  constant  when  nitrogen 
was  Incorporated  in  their  glass  specimens,  similar  to  the  results  of 
Leedecke  and  Loehman  (33)  on  the  Y-Si-Al-O-N  glasses.  The  Ca-Si-Al-O-N 
and  Mg-Si-Al-O-N  specimens  exhibited  higher  AC  conductivities  (roughly  one 
to  two  orders  of  magnitude)  and  somewhat  lower  dielectric  constants  (about 
10Z  to  20Z)  than  the  Y-Si-Al-O-N  glasses.  Electrical  conduction  in  all 
three  systems  was  attributed  to  some  form  of  hopping  of  carriers  over  a 
potential  barrier,  with  no  explicit  role  assigned  to  the  nitrogen.  On  the 
basis  of  all  three  studies  (2,  33,  34),  it  seems  likely  that  the  effect  of 
nitrogen  on  electrical  conduction  is  only  secondary  and  that  other 
constituents  such  as  alkali  impurities  (2)  dominate. 
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If  the  role  of  nitrogen  substitution  in  oxynitride  glasses  is  the 
replacement  of  bivalent  oxygen  by  trivalent  anions,  the  resulting 
Increased  cross-linking  should  give  rise  to  a  higher  melt  viscosity. 
Jankowski  and  Blsbud  (35)  added  a  small  amount  of  Ca^^  to  a  commercial 
low-melting  frit  and  measured  the  melt  viscosity  between  800°  and 
1200 ®C.  The  viscosity  ranged  from  10^  poise  at  800 #C  to  30  poise  at 
1200°C,  with  the  viscosity  of  the  melt  being  slightly  higher  for  the 
nitrided  frit  than  for  the  unaltered  base  glass  (~  160  poise  with 
compared  with  138  poise  without,  at  1000 °C).  The  effect  Is  very  small, 
and  the  interpretation  is  somewhat  ambiguous  because  the  scatter  in  the 
data  was  large,  the  level  of  nitrogen  was  very  low  (0.042  wtZ) ,  and  the 
compositions  of  the  two  melts  differed  slightly  other  than  in  the  nitrogen 
contents.  Even  so,  it  is  of  interest  that  the  trend  observed  in  the 
viscosity  variation  is  consistent  with  other  properties  measured  for 
oxynitride  glasses. 

Crystallisation  of  Oxynitride  Glasses 

One  of  the  early  interests  in  oxynitride  glasses  was  their  potential 
as  precursors  for  glass-ceramics  containing  refractory  nitride  species. 
Wuslrlka  and  Chyung  (12,  19)  reported  46  compositions  that  were  investi¬ 
gated  for  their  crystallization  behavior.  They  found  that  the  oxynitride 
glasses  were  self-nucleating  and  that  heating  between  800*  and  1400*C  pro¬ 
duced  fine-grained  glass  ceramics.  All  but  one  of  Wuslrlka  and  Chyung* s 
compositions  were  based  on  Si02,  iU^O-j,  and  SI3N4,  with  other  added 
Ingredients,  so  many  of  the  observed  crystalline  species  were  those  pre¬ 
dicted  by  the  S1-A1-0-H  behavior  diagram  (24).  In  particular,  for  low 
concentrations  of  Si^N^  (<  20  wtZ),  they  found  the  X- phase,  a  compound 
with  the  approximate  formula  Si^Al^  °U»2  (24)  (the  precise  composition  has 
been  subject  to  dispute),  whereas  for  high  SI3N4  levels,  was  a 

major  crystalline  phase.  Other  observed  epeclee  varied  with  the  partic¬ 
ular  system  studied.  For  example,  in  MgO-A^O^-SiOj-Si^N^,  the  X-phase 
crystals  formed  in  a  8-quartz  or  cordlerite  matrix,  whereas  in  BeO-A^O^- 
SlOj-SljN^,  beryl  crystals  were  obtained  (19).  The  glass-ceramic 
microstructures  appeared  to  vary  with  composition.  High  aspect-ratio 
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(approximately  Is  10)  X-phase  needles  crystallized  In  Si-Al-O-N,  Li-Si-Al- 
O-N,  and  Mg-Si-Al-O-N  glasses,  but  In  Ba-Mg-Si-Al-O-N  and  Cs-Mg-Si-Al-O-N 
the  crystallization  was  spherulltic.  The  authors  attributed  the  differ¬ 
ence  to  the  larger  cationic  size  of  Ba^+  and  Cs*  compared  with  Mg^+  and 
Li*.  However,  other  factors  may  have  been  involved,  and  there  is  at  least 
one  report  of  spherulltic  morphology  in  a  Mg-Si-O-N  glass  (37)  (see 
below)..  Spherulltic  crystallization  was  suppressed  and  dendritic  crystals 
formed  when  3  wtZ  Mg?2  was  added  to  a  BaO-MgO-A^Oj -Si02 “Si 3N4  melt  (19). 

Shaw  (36)  studied  in  detail  the  crystallization  behavior  of  some  Mg- 
Si-O-N  glasses  that  had  compositions  simpler  than  those  just  discussed. 
Melts  with  compositions  around  59  wtZ  S102,  32  wtZ  MgO,  and  9  wtZ  SI3N4 
separated  into  SiC>2-rich  and  MgO-rich  glassy  phases  on  cooling.  The 
microstructure,  shown  in  Figure  12,  consisted  of  Si02-rlch  droplets 
about  3  pm  in  diameter  dispersed  in  a  MgO-rich  matrix.  Heat  treatments 
between  1000°  and  1300°C  crystallized  the  matrix  phase  into  spherulites  of 
enstatlte  without  affecting  the  dispersed  S102~rich  droplets.  The  plate- 
like  enstatite  crystallites  chat  formed  the  spherulites  were  separated  by 
thin  films  of  uncrystallized  glass.  Heating  above  1300°C  caused  faceted 
grains  of  enstatlte  to  form  adjacent  to  the  Si02  droplets  by  recrystal¬ 
lization  of  the  spherulites.  was  produced  by  crystallization 

of  the  glassy  regions  between  the  enstatite  crystallites.  Shaw  concluded 
from  his  research  that  the  Mg-Si-O-N  glasses  might  be  useful  precursors 
for  new  glass-ceramics  (36). 

Jankowski  and  Riabud  (37)  made  a  preliminary  study  of  the  crystal¬ 
lization  of  several  Si-Ca-Al-O-N  and  Si-Ca-Al-B-O-N  glasses.  Scanning 
electron  microscopy  (SEM)  of  fracture  surfaces  showed  phase  separation  in 
some  compositions,  although  the  morphology  was  apparently  different  from 
that  in  the  analogous  tyg-Si-0-N  system  studied  by  Shaw  (36).  A  limited 
X-ray  diffraction  analysis  Identifier  Si  2^0,  crystobalite,  snd 
sllllmanite  (Al2Si05)  as  crystal  species  that  were  present  in  some  of  the 
Ca  oxynitride  glasses  after  heat  treatment  (37). 

Loehean  (10)  studied  the  tiae-temperature-transformation  behavior  of 
the  T-Si-Al-O-N  specimens  listed  in  Table  1.  Differential  thermal 
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TA-350583-155 


FIGURE  12  PHASE  SEPARATION  IN  Mg-Si-O-N  GLASS 

Light  phase  is  Si02-rich,  matrix  is  magnesium-rich  (Reference  361 
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analysis  (DTA)  and  X-ray  diffraction  (XRD)  analysis  of  specimens  heated 
for  various  combinations  of  times  and  temperatures  revealed  extremely 
complex  crystallization  behavior.  The  glasses  were  found  to  be  very 
stable  to  devitrification,  withstanding  12  hours  or  more  at  1000°C  without 
detectable  crystallization.  The  DTA  results  for  most  compositions  listed 
in  Table  1  showed  multiple  exotherms  between  1000°  and  1300aC  that  were 
attributed  to  the  development  of  different  crystalline  species.  There  was 
a  general  trend  to  formation  of  Y2S1207  in  glasses  exposed  to  higher 
temperatures  for  longer  times,  as  indicated  by  XRD  analysis  of  specimens 
heated  isothermally  at  1000°,  1100 * ,  or  1200 °C.  Intermediate  heat  treat¬ 
ments  gave  mixtures  of  as  many  as  five  crystalline  species  that  were  iden¬ 
tified  as  yttrium  silicates,  yttrium-aluminum  silicates,  or  nitrogen 
apatite  (Y^S1^011N2) •  Substitution  of  nitrogen  for  oxygen  in  the  crystal¬ 
line  yttrium  silicates  may  have  been  indicated  by  slight  shifts  in  their 
XRD  peak  positions.  Thus,  the  apparent  path  of  crystallization  in  those 
Y-Si-Al-O-N  glasses  was  Initial  formation  of  a  variety  of  metastable 
phases  that  later  transformed  to  Y2Si207,  with  nitrogen  ending  up  either 
in  the  residual  glassy  phase  or  incorporated  in  the  Y2S1207  (10).  This 
compositional  system  ms  deemed  promising  for  forming  refractory  glass- 
ceramics. 

Leedecke  (38)  crystallized  four  of  the  compositions  listed  in  Table  1 
by  heating  them  in  Ar  for  16  h  at  12S0°C.  He  then  measured  the  electrical 
properties  of  the  resulting  glass-ceramics.  Table  6  lists  the  crystalline 
phases  found  in  the  glass  ceramics  using  X-ray  diffraction  analysis.  The 
minimum  crystallinity  ms  an  estimated  SO  volX  in  SG-11  and  it  increased 
in  the  order  SG13,  SG12,  SG14  in  the  other  compositions.  The  electrical 
properties  measured  for  the  glass-ceramics  were  very  similar  to  those 
found  for  the  parent  glasses.  There  ms  no  apparent  dependence  of  any  of 
the  electrical  properties  on  nitrogen  content,  a  result  similar  to  that 
observed  with  uncrystallised  material. 

Complex  crystallization  behavior  me  observed  by  Messier  (25)  for  the 
Y-Si-Al-O-N  glasses  listed  in  Table  2.  The  heat  treatment,  which  ms  more 
extensive  than  that  used  by  either  Loehaaa  (10)  or  Leedecke  (38), 
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Table  6 


PHASES  IN  Y-Si-Al-O-N  GLASSES  HEATED  16  h  AT  1250 #C 


Sample  Number* 

Phase  Content 

SG-11 

Y2S1207; 

Y2S105;  glass 

SG-12 

Y2Si207; 

S12N20;  glass 

SG-13 

Y2si207; 

S12N20;  Al6Si2013;  glass 

SG-14 

Y2^*2G7* 

Y3A15012(YAG);  Y2Si05;  Si2N20;  gla8s 

*For  compositions  see  Table  1. 


consisted  of  4  h  at  I000aC  to  nucleate  the  glass,  followed  by  16  h  at 
1400 ®C  to  crystallize  it.  The  phases  revealed  by  X-ray  diffraction 
analysis  are  presented  in  Table  7.  The  density  and  microhardness  values 
are  similar  to  those  for  the  uncrystallized  specimens  presented  in  Table 
2.  Because  they  were  heated  more  extensively,  Messier's  glasses  were 
more  highly  crystalline  than  those  studied  by  Leedecke  (38).  Furthermore, 
as  Table  7  shows,  both  compositions  developed  S^N^  phases  on  crystalli¬ 
zation.  That  result  probably  stems  from  the  higher  nitrogen  content  in 
Messier's  glasses  (25)  relative  to  those  studied  by  other  workers. 

Thomas  et  al.  (39)  also  studied  the  crystallization  of  Y-Sl-Al-O-N 
glasses,  primarily  using  transmission  electron  microscopy  for  micro- 
analysis  and  for  revealing  crystal  morphologies.  They  found  that  glass 
formation  was  enhanced  by  nitrogen  additions,  which  is  consistent  with 
observations  in  other  systems  (10,37),  and  that  crystallization  on 
quenching  the  melt  occurred  only  when  Zr02  was  added.  The  main  crystal¬ 
line  species  was  identified  as  Y2Sl207»  as  was  also  the  case  in  Loehman's 
(10)  and  Messier's  (25)  studies.  Analytical  electron  microscopy  revealed 
that  all  the  Zr  and  most  of  the  Al  was  in  the  residual  glassy  phase  after 
crystallization,  that  the  Si  concentrations  were  about  equal  in  the 
crystals  and  the  glass,  and  that  the  Y  content  of  the  crystals  was  about 
1.5  times  greater  than  of  the  glass. 
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Table  7 


CRYSTALLIZATION  OF  Y-Si-Al-O-N  GLASS  HEATED  FOR  4  h  AT  1000 °C 
PLUS  16  h  AT  1400 #C  (25) 


Density 

Micro hardness 

Specimen41 

Phase  Content 

(g/  CSr) 

(Knoop,  100  g) 

a 

p-Y2Si207,  6-Y2SI207,  «-Si3N4 

3.82 

950  ±  107 

b 

p-Si3N4,  T3A15012,  Y2Si05  (2  forms) 

3.92 

1192  ±  227 

*See  Table  2  for  glass  compositions. 


Structure  of  Cbcynltrlde  Glasses 

Very  little  direct  evidence  of  oxynitride  glass  structure  has  been 
reported.  Most  structural  models,  which  are  only  very  rudimentary  at 
present,  are  plausibility  arguments  based  on  analogous  crystalline 
structures  and  on  glass  properties  data.  The  existence  of  (SiN4)  and 
(SION3)  tetrahedral  structural  units  In  crystalline  SI3N4  and  (*°) 

leads  one  to  postulate  that  oxynitride  glasses  containing  silicon  are 
built  up  of  Si(0,N)4  tetrabedra.  As  already  discussed,  the  variation  of 
glass  properties  with  nitrogen  content  shows  an  increase  in  Tg,  a  decrease 
in  thermal  expansion  coefficient,  and  an  Increase  in  hardness  and  fracture 
toughness  as  the  nitrogen  content  increases  (Figures  8  and  11).  Those 
changes  in  properties  are  consistent  with  a  glass  structure  in  which  the 
degree  of  linkage  has  increased  because  of  substitution  of  trivalent 
nitrogen  for  bivalent  oxygen. 

Infrared  spectroscopic  measurements  of  several  Y-Si-Al-O-N  glasses 
(9)  showed  only  a  broad  peak  around  850-900  cm-*,  which  is  in  the  region 
of  the  major  Sl-N  and  Si-0  absorption  in  crystalline  SI3N4  and  S102, 
respectively.  Thus  the  absorption  spactra  indicate  that  most  of  the 
nitrogen  was  bonded  to  silicon.  The  nitrogen  source  In  those  glasses  mss 
AIN,  and  little  infrared  activity  mss  observed  in  the  700  cm-*  region 
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where  the  major  AIN  absorption  occurs,  which  is  evidence  £or  reforming  of 
nitrogen  bonds  on  dissolution  of  AIN. 

Risbud  (41)  adapted  the  approach  of  Stevels  (42)  to  characterize  the 
network  structure  of  oxynitride  glasses  by  calculating  several  parameters 
related  to  the  degree  of  linkage  in  the  network.  The  parameters  are: 


R’  -  average  number  of  anions  per 
network  forming  ion 


(atZ  0  +  atZ  N) 

(atZ  Si  +  2/3  atZ  Al) 


X'  ■  average  nwber  of  nonbridging  “  2R'  -  h 
anions  per  polyhedron 


T'  ■  average  number  of  bridging  anions  *  8  -  2R’ 
per  polyhedron 

Risbud  assumed  that  nitrogen  forms  only  Si-N  bonds  and  that  two-thirds  of 
the  Al  atoms  are  network  formers  in  fourfold  coordination,  with  the 
remaining  one-third  present  as  modifiers  in  sixfold  coordination.  For  a 
series  of  ten  actual  oxynitride  glass  compositions,  the  calculated  R' 
falls  between  2.16  and  2.96,  which  compares  with  the  2.25  to  2.75  value 
found  for  many  oxide  glasses  (43).  T',  the  average  number  of  bridging 

anions  per  tetrahedron,  was  calculated  to  lie  between  2.08  and  3.68  for 
the  oxynitride  glasses.  Obviously,  the  R'  and  Y'  values  depend  on  what 
fraction  of  the  Al  is  assumed  to  be  in  network-forming  sites.  However , 
under  the  stated  assumptions,  the  analysis  shows  Y*  increases  sharply  with 
nitrogen  content  in  the  1  to  8  atZ  N  range  common  for  oxynitride  glasses, 
which  is  in  accord  with  observed  trends  in  physical  properties. 

Applications  of  Oxynitride  Glasses 


Because  widespread  interest  in  oxynitride  glasses  is  a  relatively 
recent  phenomenon,  few  commercial  applications  have  been  developed.  The 
increase  in  hardness  effected  by  nitrogen  additions  has  been  exploited  by 


researchers  from  the  Japanese  National  Institute  for  Research  In  Inorganic 
Materials  to  produce  scratch-resistant  glass  for  natch  crystals.  The 
possibility  of  asking  oxynitride  glass-ceraaics  has  been  investigated  by 
several  groups,  as  discussed  earlier,  but  no  material  of  obvious  commer¬ 
cial  promise  has  been  described  to  date.  Incorporation  of  nitrogen  has 
potential  for  increasing  the  strength,  hardness,  and  modulus  of  silicate- 
based  glass  fibers  (44),  a  use  that  would  be  very  important  conaerically . 

A  significant  increase  in  leach  resistance  has  been  found  to  result  froa 
nitrogen  incorporation  in  several  compositional  systems  (9,27).  Thus,  it 
may  be  possible  to  improve  the  chemical  durability  of  currently  unusable 
glasses  so  that  their  other  desirable  properties  can  be  exploited. 

Another  obvious  use  of  this  particular  properties  improvement  is  to 
Increase  the  leach  resistance  of  glasses  for  nuclear  waste  encapsulation 
by  adding  Si 3N4  or  AIN. 

One  final  application  makes  use  of  the  chemical  compatibility  of 
oxynitride  glasses  and  SI3N4  to  give  a  method  for  joining  SI3N4  parts 
(45).  Complex  shapes  of  SI3N4  can  be  built  up  from  simpler  parts  by 
reactive  joining  using  oxynitride  glasses.  The  glass  is  compatible  with 
the  ceramics  because  its  composition  is  chosen  to  match  that  of  the  grain 
boundary  phase  already  present  in  the  S^N^.  Four  point  bend  strengths  in 
excess  of  60,000  psl  have  been  obtained  (46)  for  joined  test  bars  of 
SI3N4,  a  value  more  than  twice  as  great  as  any  reported  previously  for 
other  joining  methods. 

Additional  applications  for  oxynitride  glasses  will  undoubtedly  be 
developed  as  their  properties  become  mors  thoroughly  understood  and  as 
more  researchers  sad  technologists  become  familiar  with  them.  It  is  clear 
from  whet  is  known  already  that  oxynitride  glasses  have  considerable 
potential  that  will  ultimatsly  be  exploited. 
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